aboveground pots were placed on bare soil. All pots were fully rotated monthly to prevent elongation of roots passing through the drain holes into the surrounding soil. Plants were irrigated daily with 160°, low-volume spot spitters (Roberts Irrigation, San Marcos, Calif.) at 3.8 L per container. Root systems were prepared for analysis on 16 Aug. 1994.
daily (0900 to 1700 HR) for 2 weeks before harvest (Table 1) using copper-constantan thermocouples connected to a 21× micrologger with a AM-32 multiplexer (Campbell Scientific, Logan, Utah). Thermocouples were positioned in the substrate 0.15 m below the surface of the substrate on the north, east, south, and west solar quadrants, 0.025 m inside the container wall.
Electrolyte leakage procedures for determining the T m for roots were performed as described by Ingram and Buchanan (1984) . Excised portions (0.5-g samples) taken from the terminal 15 to 20 cm of actively growing roots occurring within 5 cm of the container wall were placed in test tubes and exposed for 30 min to temperatures ranging from 30 to 60°C in a thermostatically controlled circulating water bath. After removal, roots were cut in 10-mm segments and returned to the test tubes with 20 mL of deionized water before ice bath incubation for 24 h and initial conductivity measurement (#1481-90; Cole-Palmer, Chicago). Final solution conductivity was measured on samples after autoclaving and incubation in ice for 24 h. Critical midpoint temperatures (T m ) were determined by fitting a sigmoidal response curve fitted to electrolyte leakage data across temperature treatments using a least-squares approach (Ingram and Buchanan, 1984) 
] + z was used to fit the data, where L e was the percent leakage, z = baseline level of electrolyte leakage, x = maximum level of electrolyte leakage, T m = Plants grown in a pot-in-pot (PIP) production system generally have more white root tips on the exterior of the rootball at the container-substrate interface than plants grown in conventional aboveground production systems (CPS) (Parkerson, 1990; Ruter, 1993) . Rootzone temperatures are generally highest in the outer 2.5 cm of the rootball (Martin and Ingram, 1988) . Since a significant portion of the roots are concentrated in the area of higher rootzone temperatures, PIP-grown plants are more susceptible to damage by high temperatures during postproduction handling than are CPSproduced plants. This study was conducted to determine if roots of Heritage river birch grown PIP were more susceptible to lethal hightemperature damage than plants grown CPS. . Osmocote 16N-3.1P-12K (O.M. Scott & Son) was topdressed at 250 g/container. Plants were grown with spacing between plants of 1.5 × 3.0 m to prevent shading of adjacent containers by canopy foliage.
Materials and Methods

Plants
Holder pots were placed in the ground with 2.5 cm exposed above grade. Conventional Fig. 1 . Predicted response curves of percent electrolyte leakage from excised roots of Betula nigra Heritage after a 30-min exposure to solution temperatures ranging from 30 to 60 °C as a function of production system (pot-in-pot vs. conventional aboveground). The T m (mean ± 1 SE, n = 8) was estimated by fitting sigmoidal response curves to electrolyte leakage data using a least-squares approach. Table 1 . Mean root substrate temperatures (0900 to 1700 HR) for 1-14 Aug. 1994 in the north, east, south, and west solar quadrants of Betula nigra Heritage grown using a conventional aboveground production system (CPS) or pot-in-pot (PIP) system. Means ± 1 SE.
Root substrate temp (°C) Production
Solar quadrant system North East South West CPS 33.1 ± 1.5 36.9 ± 1.4 37.9 ± 1.9 35.6 ± 2.5 PIP 31.4 ± 0.9 32.2 ± 0.9 32.6 ± 1.3 31.5 ± 1.4 predicted critical midpoint temperature, k = slope of the predicted response curve at T m , and T = bathing solution temperature.
Results and Discussion
The relationship between electrolyte leakage and temperature was correctly predicted to be sigmoidal for each treatment (Fig. 1) . The T m for excised roots of Heritage river birch grown in the CPS were ≈1.5 °C higher (56.2 ± 0.6 °C) than roots grown PIP (54.6 ± 0.2 °C).
The narrower response curve of excised roots from the PIP production system compared to CPS was reflected in their k values (PIP = 1.81 ± 0.40, CPS = 0.66 ± 0.23). Excised roots of Magnolia grandiflora Hort. 'St. Mary' had a higher T m and lower k values when root systems were pretreated at 35 and 42 °C than at 28 °C for 6 h daily for 8 weeks (Martin et al., 1991) . A higher k value indicates a narrower temperature response range for direct membrane injury (Donovan et al., 1990; Martin et al., 1991) . Because the T m was higher and the k value was lower for excised roots from CPS plants, I conclude that higher root-zone temperatures would be required to cause root death due to membrane disruption and that CPS plants would tolerate a wider range of high root-zone temperatures than plants grown PIP.
Due to the sensitivity of Heritage river birch to postproduction handling problems, such as exposure to high root-zone temperatures, growers should attempt to minimize exposure of containers to direct solar insolation or harvest plants under lower solar radiation conditions. Pot-in-pot production remains a viable production alternative as long as plants receive proper postproduction care.
